It has been suggested that frequency-following responses recorded to speech sounds presented in opposite polarities can be added to emphasize responses related to the periodicity envelope (e.g., at the fundamental frequency, f0) or subtracted to emphasize responses related to the stimulus fine-structure (e.g., harmonics near formant peaks) because inverting stimulus polarity has little effect on the stimulus envelope. This hypothesis was tested by comparing frequency-following responses to several tokens of two vowels (/a/ and /i/) presented twice in one polarity and once in the opposite polarity, from 9 normal-hearing subjects. At harmonics near formant peaks, most subjects displayed frequency-following responses that followed stimulus polarity. At f0, subjects displayed responses that were insensitive to stimulus polarity. However, response amplitude varied across polarities for some subjects and some vowel tokens. Stable responses were obtained when stimuli were presented in the same polarity, so the polarity-sensitive amplitude changes were not likely related to temporal encoding difficulties or background electrophysiological noise. Future studies involving manipulations of speech stimulus polarity should consider response amplitude changes carefully.
INTRODUCTION
Frequency-following responses to vowel sounds are characterized by energy at the fundamental frequency of the voice (i.e., the f 0 envelope) and at prominent stimulus harmonics-particularly those near formant peaks (Krishnan, 2002; Krishnan et al., 2004; Aiken and Picton, 2008) . One way of differentiating responses to the f 0 envelope from responses to speech harmonics is to record responses to stimuli presented in opposite polarities. Polarity inversion inverts the polarity of the speech harmonics but has little effect on the f 0 envelope. Responses to the harmonics should be similarly inverted while responses to the envelope should remain largely unchanged. It has been argued that combining these responses additively attenuates responses to stimulus harmonics (via phase cancellation) while preserving responses to the relatively unchanged envelope, and that subtraction attenuates responses to the relatively unchanged envelope while retaining responses to the stimulus harmonics (Krishnan, 2002; Aiken and Picton, 2008) . A similar subtractive approach has been used to combine poststimulus time histograms of cochlear nerve fiber responses (Goblick and Pfeiffer, 1969) . However, this argument rests on the assumptions that inverting stimulus polarity results in a polarity-inversion of responses to harmonics without a concomitant change in response amplitudes, and that inversion has no effect on the phase or amplitude of the response to the envelope. This might not be the case for speech stimuli, which tend to be asymmetric with respect to polarity.
The present study investigated the issue by comparing frequency-following responses to vowels presented twice in one polarity and once in an inverted polarity. Three hypotheses were tested. The first hypothesis was that response amplitudes would not be affected by changes to stimulus polarity (i.e., that they would not differ more across stimulus polarities than for repeated measures at the same stimulus polarity). The second hypothesis was that stimulus polarity inversion would result in an inversion of frequency-following responses to harmonics. This was tested by comparing harmonic response amplitudes averaged across the same-polarity, to harmonic response amplitudes averaged across different polarities, after changing the sign of the responses to the inverted polarity stimulus (i.e., the '--' average, see Aiken and Picton, 2008) . The third hypothesis was that polarity inversion would not affect the phase of the response to the f 0 envelope. This was tested by comparing f 0 response amplitudes averaged across the same-polarity to f 0 response amplitudes averaged across different polarities, without changing the sign of responses to the inverted polarity stimulus (i.e., the '+ -' average, see Aiken and Picton, 2008) .
METHODS
Data were obtained from nine subjects (3 m) between the ages of 20 and 30 with hearing thresholds of 15 dB HL or better at octave frequencies between 250 and 8000 Hz. Frequency-following responses were recorded to two naturally produced tokens of /a/ (as in 'father') and /i/ (as in 'sheep'), presented through an EAR-Tone 3A insert earphone in the right ear at 60 dBA. Subjects reclined in a comfortable chair in a double-walled audiometric sound booth and were encouraged to sleep for the duration of the experiment. Each vowel token was presented twice in the same polarity and a third time in the opposite polarity. Presentation blocks were 5 minutes in length, and the order of the blocks was randomized across subjects.
RESULTS
Results were analyzed at the vowel f 0 (107 Hz) and at the 9 th harmonic of the /a/ vowel using a sine-cosine Fourier analyzer (see Purcell et al., 2004; Aiken and Picton, 2006) . Figure 1 shows response amplitudes at f 0 for the four vowel tokens and all subjects.
In order to test the first hypothesis, amplitude change was quantified as the absolute value of response amplitude change across stimuli with different stimulus polarities and across repeated measures at the same stimulus polarity. This was done separately for each of the four vowel stimuli (i.e., two tokens of two vowels) for each subject. A twotailed repeated measures t-test was used to determine whether the magnitude of change was different across polarities than across repeated measures at a single polarity. Results showed that amplitude differences were significantly greater across polarities than across repeated measures made at the same stimulus polarity (t (35) = -2.666, p = .0116). Figure 1 shows that the effects of polarity differed across subjects and vowel tokens. For example, Subject 8 was sensitive to polarity for the second token of /a/, but not for the first token of /i/. In contrast, Subject 9 showed no sensitivity to polarity for the second token of /a/, but a large sensitivity for the first token of /i/. The second hypothesis was tested by comparing the response amplitude averaged across repeated measures at one polarity (i.e., the + + average) with response amplitude of the --average (produced by changing the sign of the inverted polarity responses before averaging). In order to isolate responses related to a harmonic from responses to the envelope, the analysis was conducted for the 9 th harmonic of the two /a/ vowel tokens. This harmonic was closest to the peak of the lowest formant of /a/ (approximately 960 Hz) and well above the frequency of the f 0 envelope and its low harmonics (at which envelope-following responses often occur, see Aiken and Picton, 2008) . The /i/ tokens were excluded from this analysis because the harmonic closest to the peak of the first formant of /i/ was also the second harmonic of f 0 . The results showed no significant difference in 9 th harmonic response amplitude between stimuli averaged across the same polarity and the --average of stimuli in different polarities (t (17) = 1.208, p = .2347). This shows that the stimulus polarity inversion resulted in a corresponding inversion of the polarity of the frequency-following response to the 9 th harmonic. This can be seen in Figure 2 , which shows the amplitude of the two averages for all subjects, averaged across the two tokens. The + -average (i.e., the average of responses to both polarities without any change in sign) is also included in figure to for comparison. FIGURE 2. Response amplitudes at the 9 th harmonic of /a/ for all subjects. The + + average is the average of repeated measures at the same polarity. The --and + -averages are averages of stimuli in opposite polarities. For the --average, responses are averaged after changing the sign of responses to the inverted polarity stimulus, in order to show polarity-sensitive activity (see Aiken and Picton, 2008) . The + -average shows activity that is not polarity sensitive.
The third hypothesis was tested by comparing the amplitude of the response averaged across the same polarity with the amplitude of the + -average. This comparison was made at f 0 for each of the four vowel tokens. If f 0 responses are not sensitive to stimulus polarity inversion, the amplitude of the + -average should not be different than the amplitude of the average of responses to stimuli in the same polarity (i.e., the + + average). Results showed no significant difference in response amplitude between the two averages at f 0 (t (35) = -1.619, p = .114). Figure 3 shows the amplitudes of both averages for the f 0 responses for the four vowel tokens. The --average is also included in the figure for comparison. FIGURE 3. Response amplitudes at f 0 for all subjects and all vowel tokens. As in Figure 2 , the solid black line shows the + + average, the red line shows the + -average (emphasizing polarity-insensitive activity) and the dotted black line shows the --average (emphasizing polarity-sensitive activity).
DISCUSSION
The results of the study failed to support the first hypothesis that stimulus polarity inversion would not result in significant changes in response amplitude. Polarity-dependent amplitude changes could lead to misleading results. For instance, if a response to an inverted polarity stimulus is inverted (e.g., at a stimulus harmonic) but significantly reduced in amplitude, the + -average might not be significantly attenuated. This could be incorrectly interpreted as showing a lack of phase sensitivity in the response, and the response component could be erroneously associated with the stimulus envelope. However, in spite of these significant differences in amplitude, the second and third hypotheses were still supported: stimulus polarity inversion resulted in a polarity inversion of the response to the 9 th harmonic of the /a/ vowel tokens and did not affect the polarity of the f 0 envelope response. This indicates that polarity-dependent amplitude differences, although present, were not large enough to render the additive and subtractive approaches ineffective. Adding responses to vowels in opposite polarities emphasized responses to the f 0 envelope and minimized responses to stimulus harmonics, while subtracting responses emphasized harmonics at the expense of the envelope. Nevertheless, since polarity-sensitive changes in response amplitude differed across participants and tokens, it remains possible that larger amplitude changes could occur with other stimuli and other subjects. Therefore, response amplitudes should be evaluated before effects of polarity manipulations are interpreted.
An important distinction between the periodicity envelope and speech harmonics is that only harmonics are actually present in the signal. The periodicity envelope must be derived by non-linear processing of speech harmonics in combination. The putative site of this non-linear processing is the cochlea, which is characterized by compressive nonlinearity, asymmetric basilar membrane displacement and rectification related to inner hair cell transduction. When two or more speech harmonics create overlapping cochlear displacement patterns, these nonlinearities introduce energy associated with the periodicity envelope, which is then maintained in the temporal firing properties of the auditory nerve and lower brainstem (Picton et al., 2003) . However, responses to the vowel f 0 envelope have been shown to depend most on low-frequency harmonics which are resolved in the cochlea (Laroche et al., 2012) . This should not be the case if the f 0 response arises from overlapping cochlear displacement patterns. Moreover, responses at the fundamental frequency of cochlear-resolved harmonic complexes are not sensitive to phase manipulations that reduce the depth of amplitude modulation, unlike responses to unresolved harmonic complexes (Greenberg et al., 1987) . These results cannot be easily explained if all f 0 responses arise from nonlinear processing of overlapping displacement patterns in the cochlea. On the other hand, the lack of polarity sensitivity found in the present study indicates that responses at f 0 must be driven by the envelope and not the lowest stimulus harmonic, since responses to harmonics are affected by stimulus polarity. Aiken and Picton (2006) reached a similar conclusion because removing the first harmonic did not significantly affect the amplitude of the response at f 0 . Taken together, these results indicate that the response at vowel f 0 is driven by an envelope that is not solely derived from nonlinear processing of overlapping cochlear displacement patterns. It is possible that the energy associated with the envelope is at least partially introduced by nonlinear neural processing of temporally encoded stimulus harmonics in the auditory brainstem.
CONCLUSION
The present results showed that responses to the vowel f 0 envelope and vowel harmonics can be distinguished by respectively adding and subtracting responses recorded to stimuli in opposite polarities. However, some subjects displayed responses that differed significantly in amplitude as a function of stimulus polarity. Although these amplitude differences did not render the polarity manipulation ineffective, larger amplitude differences could occur for other subjects or other speech stimuli, and could be misleading. Future investigations using polarity manipulations with speech stimuli should evaluate response amplitudes carefully.
